Stable capsid structures of viruses protect viral RNA while they also require 18 controlled disassembly for releasing the viral genome in the host cell. A detailed 19 understanding of viral disassembly processes and the involved structural switches is 20 still lacking. Biochemically, this process has been extensively studied using the 21 tobacco mosaic virus model system and carboxylate interactions have been 22
proposed to play a critical part in this process. Here, we present two cryo-EM 23 structures of the helical TMV assembly at 2.1 and 2.0 Å resolution in conditions of 24 high Ca 2+ concentration at low pH and in water. Based on our atomic models, we 25 identified the conformational details of the disassembly switch mechanism: in high 26
Ca 2+ /acidic pH environment the virion is stabilized between neighboring subunits 27 through carboxyl groups E95 and E97 in close proximity to a Ca 2+ binding site. Upon 28 increase in pH and lower Ca 2+ levels, mutual repulsion of the E95/E97 pair and Ca 2+ 29 removal destabilize the network of interactions at lower radius and release the switch 30 of virus disassembly. Our TMV structures revealed the conformational details for one 31 of the reference systems of viral assembly/disassembly and provide the mechanistic 32 explanation of a plethora of experimental results that were acquired over decades. 33
Introduction 45
The capsid of RNA viruses provides a container that ensures the protection of the 46 viral genome from degradation in the extracellular environment. The shell of tobacco 47 mosaic virus (TMV) is particularly thermostable in ambient temperatures and 48 resistant to degradation across a wide range around neutral pH [1] . The TMV capsid 49 is primarily composed of a 17kDa coat protein (CP) that is organized in a helical 50 assembly thereby tightly enclosing the viral RNA of the genome [2] . The mature 51 virion forms a rigid rod of approximately 300 nm length resembling a hollow cylinder 52 with an inner and outer diameter of 4 and 18 nm, respectively. A single helical turn is 53 built from 16 1/3 CP subunits making up the pitch of 23 Å. These straight helical 54 structures were subject to pioneering studies in our understanding of biological 55 matter [3] [4] and due to high stability and easy availability. TMV is still a widely used 56 model system both in virology as well as structural research [5] [6][7] [8] . Increasingly, 57 the virus is becoming of interest to future hybrid biotechnological applications at the 58 interface with material science [9] . 59 60 In order to propagate the virus during the life cycle, the capsid protein requires 61 controlled opening inside the host cell in order to release the RNA and initiate 62 translation for replication. This way of viral entry requires a molecular mechanism 63 that is capable of sensing the differences between the extracellular and the 64 intracellular medium, followed by destabilization of the assembled virion. A series of 65 plant viruses use Ca 2+ and pH triggered disassembly [10] and thereby exploit the 66 lower Ca 2+ and proton concentrations inside the plant cell compared with the 67 5 extracellular environment. Many of these findings were observed in early studies of 68 
Cryo-EM structures of TMV at 2.0 and 2.1 Å resolution 112
To determine the cryo-EM structures of TMV and elucidate different structural states 113 of the viral assembly, we prepared TMV in two different conditions, first in the 114 presence of 20 mM CaCl2 at pH 5.2 (referred to as Ca 2+ /acidic pH) and second in 115 water in the absence of any cations. Both samples were plunge-frozen and imaged 116 using a 300kV electron microscope including a direct electron detector (Figure 1a) . 117
With the collected micrographs, we determined the 2.1 and 2.0 Å resolution TMV 118 structures in Ca 2+ /acidic pH and water, respectively (Supplementary Figure 1a) . 119
Both maps show local resolutions up to 1.8 Å for the CP core and ~5Å for the 120 disordered C-terminal tail (Figure 1b, Supplementary Figure 2 
Ca 2+ /acidic pH and water structures at lower radius 134
Using our recently developed statistical framework for the annotation of molecular 135 density [25], we were able to consistently analyze the CP density from Ca 2+ /acidic 136 pH and water samples (Figure 2a) . Although the two determined TMV maps are 137 very similar for most of the CP, the lower radius region differs significantly (Figure 2a revealed that the protein backbone follows an alternative path in the Ca 2+ /acidic pH 143 and water structure (Figure 2b top) . In the determined Ca 2+ /acidic pH structure, we 144 built an atomic model matching the density (Figure 2b left) . In the water structure at 145 lower radius, however, we identified 3 co-existing models in the residue range 97 -146 100 that describe the density, e.g. the density of the water structure is consistent 147 with multiple conformations of E97 (Figure 2b right) . Closer inspection of the lower 148 radius interface between neighboring subunits reveals additional differences: in the 149 Ca 2+ /acidic pH structure, density of a bound ion is present and consistent with 150 coordination by E106, N101, N98 and a backbone carbonyl oxygen. In the water 151 structure, however, this complete coordination is missing and asparagines N101 and 152 N98 are facing away from the central density. Therefore, we conclude that under 153 Ca 2+ /acidic pH conditions this subunit interface is stabilized by a Ca 2+ ion, whereas 154 in water it is replaced by H2O molecules. 155 9 156
Interactions involved in the metastable switch 157
In order to analyze the detailed interactions within the two structures in more detail, 158
we refined the atomic coordinates by a common real-space optimization approach 159 [26] . Comparison of the refined atomic models revealed the stabilization of an 160 additional α-helical segment in the Ca 2+ /acidic pH model between E97 and A100 161 (Figure 3a) . Plots of refined atomic B-factors also show a decrease from 42 to 30 Å 2 162 in the lower radius region for the Ca 2+ /acidic pH condition supporting the notion that 163 Ca 2+ stabilizes the assembly structure in comparison with water (Supplementary 164 Figure 5 ). Next, we more closely examined the carboxylate residues previously 165 identified to be critical in the disassembly process (E50, D77, E95, E97 and E106). 166
First at medium radius, E50 and D77 contribute to tight axial carboxylate contacts at 167 a distance of 2.6 Å and showed no differences between the determined structures. 168
Second at lower radius, we find that glutamates E97 and E95 make up tight inter-169 subunit interactions in the Ca 2+ /acidic pH structure with a distance between the 170 carboxylate groups of 3.5 Å (Figure 3b left, top) . Although E106 is not found in 171 contact with other carboxylates, E106 is involved in the coordination of Ca 2+ . The 172 respective Ca 2+ site is coordinated by E106 and N98 from one CP monomer and 173 N101 as well the backbone carbonyl oxygen of P102 from the neighboring monomer 174 (Figure 3b left, bottom) . These close inter-subunit interactions between neighboring 175 CPs add to the stability of the helical assembly. The water structure, however, is 176 lacking the close inter-subunit carboxylate contacts as E97 shows two different 177 conformations, one facing towards E106 (model 1) and the other towards E95 10 (model 2) with significantly longer distances of 4.7 and 5.3 Å between carboxylates, 179 respectively (Figure 3b right, top) . Residues N101 and N98 also assume different 180 conformations in the water structure (Figure 3b right, bottom) , whereas they 181 participate in the coordination of Ca 2+ in the Ca 2+ /acidic pH condition. We conclude 182 that due to the loss of Ca 2+ coordination as well as the buildup of carboxylate 183 repulsion at higher pH, the residue network in proximity of E106, N101 and N98 184 becomes destabilized and changes conformations. (Figure 4) . the different conformation at the RNA may not be required for TMV stabilization. In 223 addition, residue D109 thought to be important for disassembly was not found to 224 12 assume different conformations in the two structures and did not form interactions 225 with one of the before mentioned residues (Supplementary Figure 3b) . To what 226 extent the noted structural differences reflect the different preparation conditions or 227 experimental uncertainties of the previous atomic models is not easy to resolve. Our 228 2.0 and 2.1 Å resolution cryo-EM maps are sufficiently clear to locate all the 229 mentioned side chains with high confidence (Figure 3) . In order to confirm that our 230 batch of TMV presents a biologically active virus, we also showed experimentally 231 that our sample is capable of infecting tobacco plants (Supplementary Figure 4) . 232
233
The proposed structural destabilization mechanism offers the possibility of a 234 cooperative disassembly reaction within the virion: the removal of a Ca 2+ from its 235 coordination site at lower radius has immediate effect on the neighboring Ca 2+ sites, 236 which are located in close proximity of 10 Å. Although the lower radius region of the 237 virion is destabilized in low Ca 2+ and basic environments, we find that the large part 238 of the CP conformation is not affected by these environmental changes. This is an 239 important aspect of the CP plasticity, which only requires a subtle destabilization of 240 the metastable switch to trigger cotranslational disassembly [27] and, at the same 241 time, to be sufficiently stable to initiate re-assembly of the virion for viral replication. starting values of a helical rise of 1.408 Å gave rise to typical artifacts from wrong 287 symmetry and lack of high-resolution features [33] . To verify the obtained values, 288 3D maps were systematically evaluated using a series of pixels sizes after an 289 additional round of unrestrained atomic model refinement. The resulting real-290 space cross correlation and EM ringer score were computed and the maximum 291 was found for both criteria at a pixel size of 0.65 Å. This pixel size is in 292 agreement with the results of the calibration procedure using Magical Reference 293 15 Standard for TEM (Electron Microscopy Sciences). The reported overall 294 resolutions for TMV of 2.1 Å in Ca 2+ /acidic pH and 2.0 Å in water conditions, were 295 calculated using the Fourier shell correlation (FSC) 0.143 criterion. In parallel, we 296 also processed the dataset taken in water with the single-particle based helical 297 reconstruction package SPRING [33] , which also gave rise to 2.0 Å resolution 298 (Supplementary Figure 6) . The final density maps were corrected for the 299 modulation transfer function of the detector and sharpened by applying a negative B 300 factor that was estimated using automated procedures [34] 
